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The stress-bearing component of the bacterial cell wall—a multi-
gigadalton bag-like molecule called the sacculus—is synthesized
from peptidoglycan. Whereas the chemical composition and the
3-dimensional structure of the peptidoglycan subunit (in at least
one conformation) are known, the architecture of the assembled
sacculus is not. Four decades’ worth of biochemical and electron
microscopy experiments have resulted in two leading 3-D pepti-
doglycan models: ‘‘Layered’’ and ‘‘Scaffold’’, in which the glycan
strands are parallel and perpendicular to the cell surface, respec-
tively. Here we resolved the basic architecture of purified, frozen-
hydrated sacculi through electron cryotomography. In the Gram-
negative sacculus, a single layer of glycans lie parallel to the cell
surface, roughly perpendicular to the long axis of the cell, encir-
cling the cell in a disorganized hoop-like fashion.
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The organization of peptidoglycan within the sacculus is alongstanding question in microbiology. Although the saccu-
lus completely envelopes the cell, protecting it from osmotic and
mechanical lysis, it is also porous, and thus sieves nutrients and
small proteins. Sacculi are constantly remodeled, but they are
robust enough that they can be purified from cells and still retain
their original shape. Early electron microscope images of puri-
fied sacculi were difficult to interpret because the images were
2-D projections through heavy metal-stained sacculi (1, 2).
Nevertheless the slender appearance of peptidoglycan in thin-
sectioned cells (3) and the gaps perpendicular to the polar axis
produced by a peptidoglycan-specific endopeptidase (4) lead to
the (Circumferential) Layered model (Fig. 1A ) in which the
glycan strands lie in the plane of the cell wall and wrap around
the cell. The alternative Scaffold model (5) (Fig. 1B) was
proposed to fit biochemical data such as pore size and crosslink-
age. Various arguments have been made in favor of (6) and
against (7) the Scaffold model, but the debate intensified after
a recent NMR structure of a synthetic peptidoglycan subunit
dimer was interpreted to support the Scaffold model (8). To gain
further insight into this issue, we imaged unstained sacculi in 3-D
by electron cryotomography (9).
Results and Discussion
Electron Cryotomography of Purified Sacculi. Sacculi isolated from
C. crescentus strain CB15N and E. coli strains MG1655 and
XL-10 were vitrified across holey carbon grids in thin ( 100 nm)
ice. Whereas the gossamer sacculi were barely discernable in the
low-dose, 2-D projection images, they were clearly visible in the
3-D tomograms and resembled flattened cells [Fig. 2 and
supporting information (SI) Movie S1 and Movie S2]. In stark
contrast to intact cells, the sacculi were flexible and in some
positions had radii of curvature less than 20 nm, highlighting how
cell shape is not determined by the ‘‘rigidity’’ of the sacculus, but
rather the cytosolic turgor (osmotic pressure) pushing the cyto-
plasmic membrane outward against the saccular ‘‘bag’’. Al-
though the sacculi were flattened, the ‘‘upper’’ and ‘‘lower’’
halves were easily distinguished in cross-sections (see Movie S1
and Movie S2). In this f lattened state both halves contained
wrinkles (Fig. 3, Movie S1, and Movie S2) that mostly ran
perpendicular to the saccular polar axis.
The Sacculus Is a Thin, Single Layer of Peptidoglycan. According to
the Scaffold model, the peptidoglycan layer would have to be
more than 9-nm thick to accommodate the mean length of E. coli
glycan strands (10). Density profiles (Fig. S1) taken along vectors
normal to the E. coli and C. crescentus saccular side walls in the
tomograms showed that Gram-negative peptidoglycan is at most
4-nm thick. Similar density profiles of the peptidoglycan layer in
intact C. crescentus cell tomograms showed a slightly larger
thickness (7 nm), probably reflecting the presence of proteins
embedded in the sacculi of intact cells and the larger defocus
used for the whole-cell tomograms. These results agree well with
previous AFMmeasurements of hydratedE. coli sacculi (11) and
EM images of thin-sectioned, vitrified E. coli cells (12), respec-
tively, but none of the above are compatible with the Scaffold
model.
Earlier small-angle neutron scattering experiments suggested
that E. coli peptidoglycan (13) was mostly single-layered (with a
thickness of 2.5 nm), but could be up to three layers (7-nm) thick.
Additional density profiles of our tomograms along the side walls
as well as C. crescentus stalks and E. coli poles showed that the
purified sacculi were uniformly thick (Fig. S2). Views of the C.
crescentus side wall sometimes revealed a single row of tubular
densities (Fig. 2 C and D and Movie S1), but never double rows,
which together with the thickness measurements support a
model in which peptidoglycan is single-layered everywhere. It is
likely that sacculi in the earlier neutron-scattering experiments
appeared multilayered because they were clumped together.
Indeed, aggregated (1) and stacked sacculi (14) were frequently
observed in our preparations.
Sacculi Are Not Stretched Circumferentially. It is widely reported in
the literature that the peptidoglycan is ‘‘stretched’’ because of
cytosolic turgor, as evidenced by light microscope images of
SDS-treated E. coli cells, which contracted along their polar axis
because of the loss of cytosolic turgor (15). Whether or not there
were also small changes in cell diameter, however, could not be
resolved. When we compared our in vitro sacculi, which are in
an unstretched state, to the in situ sacculi in our previous
cryotomograms of intact C. crescentus cells (16) (Fig. S3), no
significant differences in circumference at the widest point of the
cell were found. Corresponding comparisons of cellular lengths
were not done because cells grow by elongation, and differences
because of stretching would have been confounded by cell
growth. Assuming that C. crescentus and E. coli sacculi have
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conservedmechanical properties, the early light microscopy data
and our electron tomographic data together indicate that cyto-
solic turgor stretches sacculi along their polar axis but not around
their circumference. This observation, as well as the thinness of
the sacculus and the orientation of the wrinkles, all point to a
circumferential Layered model (Fig. 1A) where the glycans lie in
the plane of the cell wall perpendicular to the polar axis, since
peptides are expected to bemore flexible than glycans and would
then be negotiating the shrinkage and wrinkles.
Interpretation of Cryotomographic Densities. In further support of
this model, close-up views of C. crescentus and E. coli sacculi
revealed numerous thin tubes of density mostly in the plane of
the sacculus and roughly perpendicular to the long axis of the cell
(Figs. 2–4 Insets and Movie S1 and Movie S2). Because (i) after
purification the sacculi are composed of only glycans and
peptides, (ii) glycans are bulkier than peptides and will therefore
be more prominent in tomograms than peptides, and (iii) many
tubes were longer than peptide crosslinks [which are 4 nm
when stretched (8)], we conclude that the majority of the tubes
seen represented glycans. The striking uniformity of the tubes
and the absence of any features that would have suggested
bundling, like for instance wide gaps next to unusually thick
tubes, suggested that the tubes were in fact single glycans rather
A B C
Fig. 1. Models of peptidoglycan organization. The Layered (A), Scaffold (B), and Disorganized Layered (C) models are viewed obliquely to the sacculus surface
and toward the cell pole. Disaccharides (green pills) are approximately 1-nm long and the stretched peptide crosslinks (blue sticks) are approximately 4 nm long.
The length distribution of the glycan strands (3-mers to 14-mers) approximates the resolvable part of HPLC chromatograms of purified, hydrolyzed sacculi (10),
and the crosslinkage is kept less than the experimentally determinedmaximum of 50% (21). It is not knownwhether glycans run parallel or antiparallel to each
other.
A B C
D
Fig. 2. Comparison of in situ and in vitro sacculi. (A) Twenty-five-nm thick Z-slice through the 3-D reconstruction of a C. crescentus CB15N cell. (B) 10-nm thick
Z-slice through the 3-D reconstruction of a purified sacculus. Both panels are at the same scale. Abbreviations: (SL) S-layer; (OM) outer membrane; (PG)
peptidoglycan layer, that is, the sacculus; (IM) inner membrane; (r) ribosome-like particle; (St) stalk; (Au) gold fiducial; (gr) granule; (gl) glycan strand; (SW) side
wall. (Inset) Close-up of sacculus showing glycan strands. Note that the highly flexible sacculus has flattened because of the surface tension of the thin aqueous
film, so that it appears wider than the intact cell. The cell tomogram is from reference (16). (C) Enlarged view (4-nm thick slice) showing the glycan strands in
the sacculus side wall boxed in white in (B). (D) The same glycan strands as in (C), rotated approximately 90° around the vertical axis.
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than bundles (see Movie S1 and Movie S2). The tubes were,
however, thicker (4 nm) and more elliptical than individual
glycans (1 nm), but such widening and distortion would be
expected because of the low-pass filter and missing ‘‘wedge’’
inherent in the imaging system’s point spread function. Although
others have already demonstrated that electron cryomicroscopy
can resolve slender polymers such as purified double-stranded
DNA (2.5-nm thick) in 2-D (17) and 3-D (18), we believe that
the visualization of the even thinner individual glycans here was
facilitated by the thinness of the ice (100 nm), the very low salt
content of the buffer (10 mM sodium phosphate), the large
defocus (6 m), and the use of an ultra-sensitive lens-coupled
A B
Fig. 3. Tomographic slices of E. coli sacculi. Ten-nm thick Z-slices of E. coli strainMG1655 (A) and XL-10 sacculi (B). Abbreviations are the same as in Fig. 2 except
for: (w) wrinkle. The double-headed arrow denotes the saccular polar axis. (Insets) Four-fold enlarged views of the boxed regions. Note that the direction of the
strand densities is approximately perpendicular to the saccular polar axis. Compared to C. crescentus, E. coli sacculi images had poorer contrast, which may be
a result of the ice surrounding E. coli sacculi being at least 20 nm thicker.
A B C
D
Fig. 4. Details of peptidoglycan organization. (A) 30-nm thick Z-slice of two overlapping C. crescentus CB15N sacculi, outlined by green or violet dotted lines.
Abbreviations are the same as in Figs. 3 and 3 except for: (cf) carbon support film. (Insets) 30-nm thick cross-sections cut through the yellow line in themain panel.
The yellow dotted line follows the ‘‘upper’’ and ‘‘lower’’ halves of the peptidoglycan. (B) Enlarged view (4-nm thick slice) of the sacculus side wall boxed in (A).
(C) Image (B) after 3-Dmedianfiltration; oneputative glycan strand is highlighted inblue. Thegreen-shaded regiondemarcates thepeptidoglycan. (D) Isosurface
rendering the volume shown in (C). Theputative glycan strand in (D) is boxed in blue. Thenoise densities outside of the sacculus are coloredgray for clarity. (Inset)
Superposition of glycan 9-mer atomic model in the blue-boxed density, shown for a sense of scale.
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CCD. Indeed simulated tomograms of glycans under the same
imaging conditions supported the interpretation that the tubes
were individually resolved strands (Fig. S4).
It is important to note, however, that the high-energy electrons
used to produce the image break covalent bonds, deposit energy,
and cause local atomic rearrangements despite the sample’s
frozen state (19, 20). To minimize this damage, low doses are
used and tomograms have correspondingly low signal-to-noise
ratios (SNRs). Thus because of these two factors (specimen
damage and low SNRs), small bumps, kinks, branches, and
apparent connecting densities may not be reliable, and should
not be interpreted as specific conformations of glycans or
peptide crosslinks. Moreover, such conformational details prob-
ably change considerably when the sacculi collapse. Nor can the
lengths, number, or identity (glycan, peptide, or noise) of
particular densities be confidently measured or assigned. What
is clear is that the majority of the strongest, most-continuous
densities in the collapsed sacculi (which must be glycans) form
a single layer of remarkably consistent thin tubes that lie in the
plane of the sacculi roughly perpendicular to the polar axis. This
pattern was evident in both E. coli and C. crescentus and
regardless of the angle the sacculus made with the tilt axis,
confirming that it was not an artifact created by the missing
wedge of data (Fig. S5 and Fig. S6). The architecture of the
strands was as far as we could tell uniform along the sidewalls of
the cell (i.e., no ‘‘seams’’ or ‘‘growth-zones’’ were discerned).
Sacculi Are Poorly Ordered.PreviousX-ray scattering experiments of
sacculus solutions done by us (Fig. S7) and others (14) failed to
reveal dominant spacings. Likewise the density tubes visualized
here in tomograms were not regularly spaced or perfectly parallel
(Fig. 4 B and C). Nevertheless because the two halves of individual
sacculi were computationally separable in the 3-D tomograms, we
were able to extract and Fourier transform small patches of C.
crescentus peptidoglycan. These transforms revealed that there was
more power parallel to the saccular polar axis than perpendicular
to it (Fig. S8 and Fig. S9C andD), confirming that although poorly
ordered, the glycan strands must be mostly circumferential. In
agreement with the Fourier analyses, images like Fig. 2 C and D
showed that glycan strand separations typically ranged from ap-
proximately 5–8 nm. E. coli glycan strands appeared more parallel
than those of C. crescentus, but there were no patches flat enough
to calculate meaningful transforms (see Movie S1, Movie S2, Fig.
3, Fig. S4, and Fig. S5). Purified sacculi are therefore noncrystalline
as seen in SAXS patterns from sacculi solutions and in Fourier
transforms of patches of individual sacculi, but the glycan strands
could be readily identified because of their nonrandom, circumfer-
ential direction. Whereas it is possible that peptidoglycan under
pressure within living cells is more ordered, we think it can’t be
dramatically so because glycan strands have a broad length distri-
bution (10) and the peptide crosslinks have diverse structures (21).
Thus our images support a Disordered Circumferential Lay-
ered model (Fig. 1C) wherein a single layer of linked glycan
strands encircle the cell in a disorganized hoop-like fashion, like
that drawn earlier by Verwer and Schwarz (4) and others. The
structural difference between a Crystalline Layered model (like
that routinely shown in current textbooks) and a Disordered
Layered model is not trivial. A crystalline sacculus could be
extended indefinitely with no other guiding scaffold other than
its own strands (just like a crystal lattice templates its own
growth), for instance by a peptidoglycan polymerase holoen-
zyme that replaced any existing glycan strand with three new
strands oriented in exactly the same direction, as proposed in the
‘‘three-for-one’’ replicase model (22). Instead, the disorder seen
here and a growing body of other evidence now suggests that
extrinsic factors like cytoskeletal filaments are essential to guide
the peptidoglycan synthesis machinery and determine cell
shape (23).
Materials and Methods
Specimen Preparation. Sacculi from C. crescentus strain CB15N and E. coli
strains MG1655 and XL-10 were prepared by using a published protocol (24).
A 1-liter cell culturewas grown tomid-exponential phase (OD600 0.2–0.4) in
PYE (C. crescentus) or LB (E. coli). The cells were chilled on ice for 10 min and
then pelleted at 4 °C at 4,930  g for 15 min. The supernatant was removed
and the cells were resuspended in 12 ml ice-cold ddH2O (C. crescentus) or 100
mMNaCl (E. coli). A stir-bar and 12 ml high-purity 4%wt/vol SDS were added
to a 100-ml volumetric flask and then preheated to 80–90 °C in a water bath.
The resuspended cells were added to the hot SDS, drop-by-drop, over a period
of 30 min. Another 12 ml hot 8% SDS was added, and then the entire mixture
was stirred at 80–90 °C for 1 h. The SDS was washed away by three rounds of
pelleting (43,223 g) and resuspension in ddH2O. Nucleic acidswere digested
by using DNase I and RNase, and then proteins were digested overnight with
trypsin (the peptide crosslinks do not have any trypsin cleavage sites). The
enzymes were denatured with 4% SDS at 80–90 °C and separated from the
sacculi by pelleting at 43,223  g for 30 min. The SDS was removed by three
rounds of pelleting and resuspension in ddH2O. The sacculi were then resus-
pended in 10 mM sodium phosphate buffer, pH 7.0. Sacculi were combined
with a 5-fold-concentrated mixture of BSA-treated 5-nm and 10-nm colloidal
gold beads. A 3-l gold-and-sacculi drop was applied manually to the carbon
side of a plasma-cleaned C-flat CF222C grid (C. crescentus) or a CF422C grid (E.
coli). The grids were plunge-frozen in liquid propane/ethane (67%:33% by
volume) (25) by using a Vitrobot (FEI Inc.). Grids were stored in liquid nitrogen
until use.
Small Angle X-Ray Scattering. Solution X-ray scattering data were recorded at
SSRL Beamline 4–2 and ALS Beamline 12.3.1. The X-ray wavelength was 1.38
Å (SSRL) or 1.03 Å (ALS). The sample-to-detector distance ranged from1.6–2.5
m. Circular averaging, intensity scaling and background subtraction, and
radial averaging were done by using either MarParse (26) or Ogre. Samples
were loaded into sample cells with mica windows and kept at 20–22 °C.
Tomography Data Collection. All specimens were imaged in a FEI ‘‘Polara’’
transmission electron cryomicroscope equipped with a FEG operating at 300
kV. The electron image was energy-filtered by using a 20-eV slit. Tilt series
were acquired by using the program UCSF Tomography (27). The tomogram
qualitywasoptimizedby screeninga largenumberof imaging conditions. The
best tomograms were obtained by using 22,500 magnification, 6-m un-
derfocus, 100 electrons/Å2 total dose, 70° total tilt, and 1.5–2° increments.
Specimens were dosed by using either the 1/cosine scheme and or the expo-
nential scheme with a  value of 50–100 nm (28), which approximates the
thickness of the vitreous ice. Imageswere collectedona4 k 4 k, lens-coupled
GatanUltraCamCCDcamera, hardware-binnedby2,which yieldedapixel size
of 0.78 nm (27,500mag.) or 0.96 nm (22,500mag.) at the specimen level.
In total, 62 C. crescentus CB15N, 30 E. coli MG1655, and 18 E. coli XL-10 tilt
serieswere acquired. Approximately 10%of the resulting tomogramswere of
sufficient quality to reveal glycan strands in 10-nm thick Z-slice averages, and
only 5 of the C. crescentus tomograms revealed the glycan strands in 1-nm
thick slices.
ImageProcessing.The ice around some sacculiwas so thin that themean image
intensities approximately doubled at high tiltswhen the 1/cosine dose scheme
was used. To compensate in those cases, the images weremass-normalized by
using the IMOD densnorm program (29). The tilt series were 2-D low-pass
filtered to attenuate the spatial frequencies higher than thefirst CTF zero. Tilt
series alignment and weighted back-projection were done with IMOD. Be-
cause of the thinness of the ice, the image intensities were used without first
taking the log; the resulting tomograms had fewer ‘‘streaking’’ artifacts that
could be detected by viewing the gold fiducials along the tilt axis.
To determine the thickness of the sacculi, a small patch of a 3-D median-
filtered tomogramwas segmented by using 3dmod (29) and then the density
values of the unfiltered tomogram were integrated along vectors normal to
the segmentation by using an in-house program.
To generate the isosurfaces shown inMovie S1 andMovie S2, the densities
were thresholded at a level high enough (density values from6505 to700)
tofilter out thenoisy buffer densities.Goldfiducial andBSA (used to solubilize
the gold) densities were removed manually. Most of the remaining densities
had a tube-like appearance, but were obfuscated by smaller densities that
could be short glycans, peptides, or noise. Density islands 500 voxels were
removed, which corresponds to glycans shorter than 25 nm, assuming that
glycan strands are tubes that have a 4 8nmvoxel2 X–Z cross-section. Because
the thresholding generated features smaller than the resolution limit, the
isosurface was smoothed with a Gaussian filter.
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Power spectra of 2-D sections were calculated by using ImageJ (http://
rsb.info.nih.gov/ij/).
Circumference Measurement. To increase the contrast, the tomograms of
CB15N cells and sacculi were binned to a final pixel size of2.4 nmand then
denoised by 3-D median filtration. All tomograms were rotated to a
common view along the sacculus polar axis and centered on thewidest part
of the sidewall by using the IMOD ‘‘slicer’’ utility. The circumferences of the
flattened, purified sacculi were estimated as the length of 2 parallel lines
connected by small semicircles at their ends. The circumferences of tubular
in situ sacculi were estimated as the perimeter of an ellipse. The vertical
distance (semiminor axis) across the cell (from the “upper” to the “lower”
halves of peptidoglycan layer, where the missing wedge obscures horizon-
tal details) was ascertained from differences in texture between the cyto-
plasm and periplasm.
Tomogram Simulation. Glycan strand coordinates (8) were arranged by using
UCSF Chimera (30) as shown in Fig. S4. All subsequent simulations were done
with Bsoft (31) by using imaging parameters close to the optimized experi-
mental conditions. Briefly, a 3-Dmapwasgeneratedbyusinga0.096-nmvoxel
and then projected as a tilt series by using a 69° total tilt, and 1.5° tilt
increment. The tilt series were then corrupted with a 6-munderfocused CTF
and then resampled by using a 0.96-nmpixel. Tomogramswere reconstructed
by using IMOD using the same settings as for the real data.
Fig. 1 was made with blender (http://www.blender.org). Figs. 2–4 A–C, S5,
and S6weremadewith the IMOD slicer utility (29). Fig. 4Dwasmadewith the
UCSF Chimera package (30). Fig. S8 and Fig. S9 A–C were made by using
ImageJ. Figs. S1–S3, S7, S8D, and S9Dwere made by usingMicrosoft Excel and
Kaleidagraph (Synergy Software). The Movie S1 and Movie S2 frames were
rendered with Amira (Mercury Computer Systems, Inc.), edited with Adobe
Photoshop, spliced and encoded by using Adobe Premiere, and compressed
with Apple QuickTime Pro.
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